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Rice OsHMA3 is a vacuolar cadmium (Cd) transporter belonging to the P1B-ATPase family and has a
long (273aa) C-terminal region. We analyzed the function of the region related to Cd using the
transgenic Arabidopsis Col-0 ecotype, which is sensitive to Cd. The OsHMA3 variant containing a
truncated (58aa) C-terminal region did not confer Cd tolerance, whereas an OsHMA3 variant
containing a longer truncated (105aa) C-terminal region conferred Cd tolerance to transgenic
Arabidopsis. We conclude that the C-terminal region, particularly the region containing the ﬁrst
105aa, has an important role in OsHMA3 activity.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction translocation to approximately 20% in rice plants. The loss of func-The heavy metal P1B-ATPases (HMAs), which transport heavy
metal ions across biological membranes, have been identiﬁed in
a wide range of organisms belonging to the major kingdoms
[1,2]. Several members of the HMAs are encoded in plant genomes
and have diverse functions, as opposed to the one or two found in
other eukaryotic organisms [2]. For example, Arabidopsis thaliana
has eight HMAs subdivided into two distinct groups [3] in
which AtHMA1–AtHMA4 transport divalent cations, whereas
AtHMA5–AtHMA8 transport monovalent cations [4]. AtHMA2
and AtHMA4 load zinc (Zn) and cadmium (Cd) into xylem [4,5]
and therefore play key roles in root-to-shoot Zn and Cd transloca-
tion [6–8]. On the other hand, AtHMA3 sequestrates Zn, Cd, cobalt
(Co), and lead (Pb) into vacuoles, and is involved in metal homeo-
stasis and metal tolerance in plants [9,10].
OsHMA3 had been identiﬁed as a key gene in the control of Cd
overaccumulation in rice [11,12] and together with AtHMA2,
AtHMA4, and AtHMA3 belongs to the Zn/Cd/Pb subgroup of the
HMA family [12]. OsHMA3 transports Cd into vacuoles in a
similar way to AtHMA3, and therefore limits root-to-shoot Cdtion of OsHMA3 resulted in greater Cd translocation to shoots and
Cd overaccumulation in rice [11,12].
Plant HMAs have a unique feature in that an extended C-termi-
nal region is found in AtHMA2 and AtHMA4 [13]. OsHMA3 also has
a similarly long 273aa C-terminal region [12,14]. The C-terminal
regions of AtHMA2 and AtHMA4 consist of 244 and 470 amino acid
residues, respectively, and have numerous cysteine pairs and His
residues that may be involved in metal binding [1,15,16]. The C-
terminal regions of AtHMA2 and AtHMA4 were shown to bind to
Zn2+ and Cd2+ ions [16,17].
Such unique C-terminal regions have been suggested to have
important roles in metal transport. A mutant AtHMA4 gene lacking
the C-terminal region completely failed to rescue the phenotype of
the hma2/hma4 double mutant of A. thaliana [18]. Furthermore,
root-to-shoot translocation of Cd and Zn was remarkably low in
two mutant rice plants carrying OsHMA2 genes that encoded
C-terminal truncated proteins [19]. However, both C-terminal
truncated AtHMA4 and OsHMA2 were shown to functionally efﬂux
Cd in yeast [18,19]. Thus, the C-terminal region is essential in
plants for xylem loading of Zn and Cd. In contrast, the C-terminal
truncated version of AtHMA2 complemented the phenotype of
the hma2/hma4 double mutant, even though AtHMA2 shares
functionality with AtHMA4 for xylem loading of Zn and Cd [20].
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gion of 273aa, including nine cysteine pairs but no His residue
[12,14], whereas the C-terminal region of AtHMA3 consists of a
much shorter 61aa containing two cysteine pairs [9,13]. The func-
tion of these C-terminal regions in transporting metals into plant
vacuoles is unknown. Because the length, sequences and molecular
functions of the C-terminal region are diverse among HMAs
[14,18,20], it is necessary to elucidate the role of the C-terminal
region individually for each HMA.
In this study, we analyzed the Cd transport activity of C-termi-
nal truncated variants of OsHMA3 in transgenic Arabidopsis of eco-
type Col-0, which is sensitive to Cd, and clariﬁed the region of the
OsHMA3 C-terminus that is essential for Cd transport into vacuoles
in plants.
2. Materials and methods
2.1. Construction of the C-terminal truncated variants of OsHMA3
Variants of OsHMA3 cDNAs encoding C-terminal truncated
proteins were ampliﬁed from full length cDNA of OsHMA3 from
rice cultivar ‘Akita-63’ [12], and then cloned into the binary
vector pCAMBIA1301M under control of the CaMV35s promoter
[21]. Primers for cloning were designed to introduce artiﬁcial
stop codons and restriction sites (Table S1). A shuttle PCR was
performed using these primers and the KOD neo plus (Toyobo,
Co., Ltd.) enzyme, using an initial denaturation for 2 min at
94 C, 35 PCR cycles for 30 s at 98 C, and 2 min at 68 C. Either
the full length or truncated versions of OsHMA3 cDNAs
(designated as OsHMA3-C1004, OsHMA3-C889, OsHMA3-C836,
and OsMA3-C788) (Fig. 1) were ligated into the BamHI and XbaI
sites of pCAMBIA1301M.C1004
(Full length) 
C889
C836
C788
C836AA
A
B
Fig. 1. Structural features of the C-terminal truncated OsHMA3 variants. (A) Cylinders an
domain, respectively. ‘‘AA’’ in C836AA indicates the substitution of a cysteine pair for an
(B) Amino acid sequence of the C-terminal region of OsHMA3 from ‘Akita 63’. Arrow
respectively. Cysteine pairs are highlighted.2.2. Site-directed mutagenesis
The residues of cysteine pairs in the C-terminal region of OsH-
MA3-C836 were substituted by alanine residues using a KOD-
plus-mutagenesis kit (Toyobo, Co., Ltd.). The binary vector clone
OsHMA3-C836 was ampliﬁed using primers 836-AA-5 and 836-
AA-6, including mutations (Table S1), and then self-ligated plas-
mids were transformed into Escherichia coli (DH5a). The resulting
vector containing the mutated gene, OsHMA3-C836AA, was then se-
quenced to conﬁrm the substitution occurred in the absence of
other mutations.
2.3. Plant materials
A. thaliana ecotype Columbia (Col-0) was used as a wild-type
lacking AtHMA3 function [5,10]. The binary vectors containing
OsHMA3 variants were transformed into Col-0 using Agrobacterium
according to the ﬂoral dip method [22]. These transgenic lines car-
rying OsHMA3-C1004, OsHMA3-C889, OsHMA3-C836, OsHMA3-C788,
or OsHMA3-C836AA were referred as C1004, C889, C836, C788, and
C836AA, respectively. Cd tolerance of transgenic lines, C1004 (no.
1, 2, 7), C889 (no. 1, 2, 8), C836 (no. 2, 5, 6) and C788 (no. 3, 4, 8)
of homozygous T4 generation and C836AA (no. 1, 3, 7, 8) of hetero-
zygous T2 generation was analyzed.
2.4. Assay for Cd tolerance in transgenic Arabidopsis
Cd tolerance of Arabidopsis plants was tested using a root length
grown on agar-solidiﬁed medium containing Cd. The surface-ster-
ilized seeds were placed on sterile plastic petri dishes (9  15 cm)
containing 50 mL of 1/2 MS salts [23], 2% sucrose, 2.35 mM MES
(pH 5.7), MS vitamins [23], 1% agar, and various concentrationsCC CC CC CC CC CC CC CC CC 
CC CC CC CC 
CC CC 
CC 
CC AA
273aa
158aa
105aa
105aa
57aa
d ‘‘CC’’ represent the transmembrane domains and cysteine pairs at the C-terminal
alanine pair. Numbers of amino acid residues of the C-terminal region are indicated.
s and underlines indicate the end of each variant and the repeated sequences,
0.0  
1.0  
2.0  
3.0  
4.0  
5.0  
6.0  
7.0  
0 7.5 15 30 60 90
R
oo
t l
en
gt
h 
cm
CdCl2 µM
Col C1004
Fig. 2. OsHMA3 enhances Cd tolerance of Arabidopsis plants. Root length of control
plants (Col) and transgenic plants with full length of OsHMA3 (C1004-1) in media
containing various concentrations of CdCl2 were measured at 14 days after sowing.
Values are the means ± S.E. (n = 12). The signiﬁcant differences between Col and
C1004 as determined by Student’s t-test are indicated by two asterisks (P < 0.01).
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maintained at 4 C for 2 days and then transferred to a growth
chamber. Arabidopsis plants were grown vertically at 22 C under
16 h of light (approximately 125 kmol m2 s1) and 8 h of dark cy-
cle. After 14 or 16 days, the root length was measured for 18
plants/treatment. Statistical signiﬁcance was evaluated using Stu-
dent’s t-test (P < 0.01) or Tukey’s test (P < 0.05).
2.5. Subcellular localization of the C-terminal truncated variants
of OsHMA3
The alanine Linker (MAAAPVAAAAAA) [24] was fused by over-
lap extension PCR (SOE-PCR) to the 50 end of EGFP (from pEGFP-
N1, Clontech Laboratories, Inc.). As a consequence, it was cloned
between the CaMV35S promoter and the Nos terminator of the
pBI221 vector, producing a p35s-AEGFP-Nos vector. Alanine Linker
(cgggatcca atg gcg gcg gcc gca ccg gtt gct gct gct gca gca gcc ATG
GTG AGC AAG GGC GAG) was mixed with the EGFP gene, and the
mixture was then subjected to denaturation at 94 C for 2 min fol-
lowed by 10 cycles of PCR performed using KOD neo plus (Toyobo
Co., Ltd.) enzyme, each cycle consisting of 10 s at 98 C and 60 s at
68 C. The primers Ala-Bam-F1 and EGFP-Not-R1 (Table S2), to-
gether with the KOD neo plus enzyme (Toyobo, Co. Ltd.), were
added to an aliquot of the reaction mixture, following a denatur-
ation for 2 min at 94 C, 35 cycles of 10 s at 98 C, and 60 s at
68 C. The ampliﬁed DNA was cloned into pBI221 after digestion
with BamHI and NotI, and the sequence of the cloned gene was
conﬁrmed.
The sequences of OsHMA3-C1004 and OsHMA3-C788 were
ampliﬁed using the step down method with the primers In-OsH-
MA3-AEGFP-F2 and In-OsHMA3-AEGFP-R3 (for OsHMA3-C1004),
and In-OsHMA3-AEGFP-F2 and In-OsHMA3-AEGFP-R2 (for OsH-
MA3-C788, Table S2), together with the KOD neo plus enzyme
(Toyobo, Co., Ltd.). Following initial denaturation at 94 C, 5 cycles
of 10 s at 98 C and 3 min at 72 C, 5 cycles of 10 s at 98 C and
3 min at 70 C, and 30 cycles of 10 s at 98 C and 3 min at 68 C
were performed. Subsequently, polymerization was performed
for 10 min at 68 C. The ampliﬁed DNA was fused to the 50 end of
the AEGFP gene using the In-Fusion cloning kit (Clontech Laborato-
ries, Inc.), and the resultant plasmids, p35s-OsHMA3-C1004-AEGFP-
Nos and p35s-OsHMA3-C788-AEGFP-Nos, were sequenced to ensure
the correctness of the sequences and the open reading frames of
the fused genes.
These fusion plasmids were introduced into onion epidermal
cells by microprojectile bombardment with EDERAII (TANAKA
Co., Ltd). GFP was visualized by ﬂuorescence microscopy
(BSX100, Olympus).3. Results
3.1. OsHMA3 increases Cd tolerance of Arabidopsis plants
We ﬁrst analyzed the effects of OsHMA3 on Cd tolerance of Ara-
bidopsis plants with ecotype Col-0, which lacked functional AtH-
MA3. The T4 homozygous transgenic plants with full length
OsHMA3 (C1004) and wild-type Col-0 were grown for 14 days on
1/2 MS medium containing 0, 7.5, 15, 30, 60, or 90 lM of CdCl2
(Fig. 2). The root growth of Col-0 was inhibited by increased Cd
concentrations. The root length of Col-0 plants on the 90 lM plate
was only approximately 10% of that on the 0-lM plate. Compared
to Col-0, the root lengths of transgenic plants were signiﬁcantly
longer on media containing more than 30 lM of CdCl2, although
their root growth was inhibited by Cd. Inhibition of root growth
in transgenic plants carrying full length OsHMA3 was approxi-
mately 50% in 90 lM of CdCl2. These data show that Cd toxicitywas reduced by OsHMA3, which sequestrated Cd into vacuoles,
such that the Cd tolerance of Col-0 was enhanced.
3.2. Effects of the C-terminal region on OsHMA3 activity in Arabidopsis
plants
To clarify the role of the C-terminal region of OsHMA3 on Cd
transport in plants, transgenic Arabidopsis carrying OsHMA3 vari-
ants with different lengths of the C-terminal region were grown
for 14 days on the medium containing 90 lM CdCl2. The root
lengths varied among the OsHMA3 variants (Fig. 3).
Root lengths of the C899 and C836 lines were not signiﬁcantly
different from those of the C1004 (full length of OsHMA3) line,
whereas they were signiﬁcantly longer than for Col-0. In contrast,
there was no signiﬁcant difference in root length between C788
and Col-0 (Fig. 3).
We compared the root length of transgenic lines at various con-
centrations of CdCl2 (Fig. S1). Root lengths of both C889 and C836
were signiﬁcantly longer than Col-0, but the root length of C788
was equal to Col-0 for all treatment conditions (Fig. S1). Therefore,
a large deletion (214aa of the 273aa) of the C-terminal region in
OsHMA3-C788 was suggested to cause a loss of function of Cd
transport in plants. In addition, the 105aa C-terminal region was
shown to be necessary for Cd sequestration into vacuoles.
3.3. Subcellular localization of the C-terminal truncated variant
of OsHMA3
We determined the subcellular localization of OsHMA3 variants
that could affect OsHMA3 function. The fusion construct of OsH-
MA3-C788 with EGFP was bombarded into onion epidermal cells
and green ﬂuorescence was detected to analyze the subcellular dis-
tribution of OsHMA3-C788. Although the unfused green ﬂuores-
cence protein distributed throughout the onion epidermal cells,
the green ﬂuorescence of the OsHMA3-C788 fusion protein was
observed as an outline of the cell shape and also delineated the nu-
cleus, similar to that of the fusion protein containing full length
OsHMA3 (Fig. 4). The outlines are somewhat discontinuous in con-
trast to a continuous localization of OsHMA2 on the plasma mem-
brane [19]. Thus, the truncated OsHMA3-C788 was located on the
vacuolar membrane, thereby losing its Cd transport function.
3.4. Effects of the cysteine pair on Cd tolerance in transgenic
Arabidopsis
OsHMA3-C836, which has a short C-terminal region containing
two cysteine pairs, retained its Cd transport activity. We deter-
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Fig. 5. Effects of C-terminal cysteine pair on Cd tolerance of Arabidopsis plants. Root
length of Col, C836, and four independent lines of C836AA were measured at
16 days after sowing. The T2 plants with the transgene were used. Values represent
the means ± S.E. (n = 12–31). Statistical differences from Col were determined by
Tukey’s test. Different alphabetic letters indicate signiﬁcant differences (P < 0.05).
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Fig. 3. Effect of the C-terminus of OsHMA3 on Cd tolerance of Arabidopsis plants. (A) Photographs of 14-day-old plants grown vertically on an agar plate with 90 lM CdCl2.
(B) Root length of Col and transgenic plants with OsHMA3 variants. Three independent lines of transgenic plant were used per variant. Values are the means ± S.E. (n = 18).
Statistical differences from Col were determined by Tukey’s test. Different alphabetic letters indicate signiﬁcant differences (P < 0.05).
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Fig. 4. Subcellular localization of OsHMA3 variants. Distributions of green ﬂuores-
cent protein in onion epidermal cells transiently expression of the p35s-OsHMA3-
C1004-AEGFP-Nos (full length OsHMA3:EGFP fusion) (A), the p35s-OsHMA3-C788-
AEGFP-Nos (C-terminal truncated variant OsHMA3:EGFP fusion) (B) or the p35s-
AEGFP-Nos (EGFP alone) (C). Arrows indicated nuclei.
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MA3-C836AA, in which one of the cysteine pairs was substituted
with alanine residues (Fig. 1). The root growth of the T2 generation
of C836AA was tested on the medium containing 90 lM CdCl2. The
root length of C836AA was signiﬁcantly longer than that in Col-0,
and there was no signiﬁcant difference between C836AA and
C836 (Fig. 5). These data demonstrate that OsHMA3-C836AA cansequestrate Cd into a vacuole, despite one of the cysteine pairs in
the C-terminal region being replaced by alanine residues.
4. Discussion
The HMA transports metals across membranes in a wide range
of organisms. Plant HMAs have uniquely extended C-terminal re-
gions [4,16]. Although such long C-terminal regions of plant HMAs
may be involved in metal transport, the sequences and molecular
functions of the C-terminal region are diverse among HMAs
[14,18,20]. OsHMA3, which sequesters Cd into vacuoles in rice
cells, also has a very long C-terminal region [12]. Here, we have
clariﬁed the importance of the C-terminal sequence for the Cd
S. Kumagai et al. / FEBS Letters 588 (2014) 789–794 793transport activity of OsHMA3, using transgenic Arabidopsis plants
carrying OsHMA3 variants.
A. thaliana ecotype Columbia (Col-0) lacks the AtHMA3 function
of transporting Cd into a vacuole [5], and root growth was there-
fore strongly inhibited by Cd compared to other ecotypes carrying
functional AtHMA3 [10,25]. The Cd tolerance of Col-0 was en-
hanced by OsHMA3 (Fig. 2), which had previously been shown to
transport Cd into vacuoles in rice cells [12]. OsHMA3 should reduce
the concentration of Cd in the cytoplasm to alleviate Cd toxicity,
allowing the roots of transgenic Arabidopsis plants to grow on the
Cd-containing medium. We therefore evaluated the effects of OsH-
MA3 activity on Cd transport into vacuoles by assessing root
growth in transgenic Arabidopsis plants with a Col-0 background.
OsHMA3 has a long C-terminal region encompassing 273aa
[12]. We determined whether the C-terminal region of OsHMA3
is necessary for Cd transport into vacuoles using transgenic Arabid-
opsis plants carrying OsHMA3 variants with different C-terminal
lengths. The variant OsHMA3-C788, with a 57aa truncation of the
C-terminal region, did not confer Cd tolerance to transgenic plants
(Fig. 3). The deletion of the C-terminal region of AtHMA2 affected
Cd transport activity due to its inﬂuence on subcellular localization
[12]. In the case of OsHMA3-C788, the loss of activity was not
caused by differential subcellular localization (Fig. 4), leading us
to conclude that the C-terminal region is essential for Cd seques-
tration in plants. In contrast, OsHMA3-C836, containing a 105aa
truncation of the C-terminal region, increased Cd tolerance, indi-
cating that this variant was capable of transporting Cd. The C-ter-
minal 105aa of this variant therefore has an essential role in Cd
sequestration into plant vacuoles. AtHMA3 sequestrates Cd into
vacuoles similarly to OsHMA3, but has a shorter C-terminal region
of 61aa that contains two cysteine pairs [9]. Although the function
of the C-terminal region of AtHMA3 with regard to metal transport
is unknown, such a short C-terminal region may be sufﬁcient for
vacuolar sequestration of Cd in plants.
Similar to AtHMA3, there are two cysteine pairs in the 105aa
C-terminal portion of OsHMA3 that may be involved in metal
binding. The extended C-terminal regions of AtHMA2 and AtHMA4
contain numerous His and Cys residues, which bind Zn2+ and Cd2+
[16–18]. We therefore investigated the role of the cysteine pairs
of OsHMA3 in Cd transport in plants. OsHMA3-C836AA, a mutated
version of OsHMA3-C836 in which the second cysteine pair had
been substituted by alanine residues, enhanced Cd tolerance in
transgenic Arabidopsis as well as in OsHMA3-C836 (Fig. 5). We
therefore concluded that the second cysteine pair in the C-terminal
region of OsHMA3-C836 is not necessary for the function of
OsHMA3 in plants. Consequently, the C-terminal region of OsHMA3
may have functions other than those related to metal binding.
The functional 105aa of the C-terminal region contain a re-
peated sequence that is absent in the non-functional 57aa version
of the C-terminus (Fig. 1). However, there was no such sequence in
the C-terminal region of AtHMA3 [9]. Furthermore, the C-terminal
region shared no sequence similarity with that of AtHMA3. We
therefore assumed that there were no speciﬁc sequences involved
in the sequestration of Cd or in determining the conformation of
the C-terminal region that were important for its function.
The roles of the C-terminal regions of plant HMAs are still un-
clear because of differences in their sequences and lengths. The
C-terminal domain is believed to play regulatory roles, such as act-
ing as a metal sensor to regulate the activity of the pump or to
interact with pump regulatory proteins [18]. The C-terminal region
of OsHMA3may perform such regulatory roles in the sequestration
of Cd into plant vacuoles.
In conclusion, we have identiﬁed a limited C-terminal region of
OsHMA3 that is responsible for vacuolar Cd transport in plants.
Further analysis of this region could clarify the roles of the C-termi-
nal region of HMAs in Cd transport in plants, which may in turncontribute to the development of new techniques controlling metal
transport across the membrane.
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